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MODERN CONTROL SYSTEMS—THE SUPPLEMENT
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This supplement is designed to be used as a companion to the main textbook,
Modern Control Systems by Richard C. Dorf and Robert H. Bishop. The primary
objective of this supplement is to strengthen the design emphasis by introducing
a selected set of solved design problems. Each chapter focuses on one design
problem adapted from Modern Control Systems. The problems are selected from
a wide range of fields. In addition to the design problems, some chapters also
include example problems that illustrate important points and concepts. Rather
than focus just on the design issues of specific (and interesting) design problems,
this supplement is built around the notion of a design process.

Design is the process of conceiving or inventing the forms, parts, and de-
tails of a system to achieve a reasoned purpose. Control system design is only
one important example of design. Design is a creative endeavor, so there is not
a unique methodology that guarantees a valid design solution. To help organize
the design process, we suggest a series of steps leading to the final design. Ev-
ery chapter addresses at least one step of the design process. In general, the early
chapters focus on modeling, design specifications, and identification of impor-
tant variables to be to controlled. The later chapters focus on controller selection
and design and analysis of the controlled system. Of course the design process
is inherently iterative, so some steps will be repeated as the design is refined.
MATLAB and SIMULINK are valuable tools in the design process because they
effectively assist in performing the repetitive steps quickly.

Now that powerful computers and software are available for control system
design, some may ask the question, Why don’t we program the full higher-order
nonlinear equations, ignore all the modeling and analysis techniques, and use
the computer to grind out an answer? There are many reasons why this is not
a good way to solve an engineering problem. First, we do not get a feel for the
problem. For example, suppose the team leader tells us the design specifications
have been changed for the problem we are currently working. Which controller
gain changes to meet the new design specifications? Do we need to change the
controller structure? Without a feel for the problem, we may have few ideas
on how to proceed. In this supplement we present the technique of obtaining
approximate transfer function models to determine initial controller designs and
then relying on MATLAB to fine-tune and analyze the closed-loop control system.

il e e




Modern Control Systems—The Supplement ix

THE DESIGN PROCESS

Establish the control goals

'

Identify the variables to be controlled

v

Write the specifications

¥

Establish the system configuration

v

Obtain a model of the process, the
actuator, and the sensor

B!

Describe a controller and select key
parameters to be adjusted

'

Optimize the parameters and
analyze the performance

If the performance does not meet the If the performance meets the specifications,
specifications, then iterate the configuration.  then finalize the design.

In this manner, we can develop good engineering intuition regarding the design
variables and how they affect the system response. )

In this book we also use the notion of dominant poles to obtain initial control
system designs. The idea is that we design the controller such that the closed-
loop system response is dominated by certain poles placed appropriately to meet
the design specifications. Again, we can use MATLAB to verify quickly that the
design specifications have indeed been satisfied. Each time we use MATLAB in
a problem solution in this supplement, we give the associated script. We can use
the scripts to verify the results, but more importantly, they can be modified to
solve other similar design problems.

To properly utilize this supplement it is essential to have access to Mod-
ern Control Systems. Many of the problems and examples in Dorf and Bishop
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are solved here using MATLAB and SIMULINK, but the background information
presented in Modern Control Systems has not been repeated. For example, it is
assumed that the reader is familiar with MATLAB. The main text Modern Control
Systems contains relevant materials for new users of MATLAB and that material
is not presented again in this supplement.

ORGANIZATION

Each chapter of the supplement follows the corresponding chapter in Modern
Control Systems. To allow the reader to relate the supplement chapters to the
main textbook chapters, the chapter titles have remained the same. However, we
have added a subtitle indicating the primary design problem of that chapter.

s Chapter 1: Introduction to Control Systems

A Space Shuttle Example

»  Chapter 2: Mathematical Models of Systems
Fluid Flow Modeling Example

s Chapter 3: State Variable Models
A Space Station Example

»  Chapter 4: Feedback Control System Characteristics
Blood Pressure Control Example

= Chapter 5: Performance of Feedback Control Systems
Airplane Lateral Dynamics Example

s Chapter 6: Stability of Linear Feedback Systems

. Robot-controlled Motorcycle Example

»  Chapter 7: Root Locus Method
Automobile Velocity Control Example

= Chapter 8: Frequency Response Methods
Six-legged Ambler Example

= Chapter 9: Stability in the Frequency Domain
Hot Ingot Robot Control Example

= Chapter 10: Design of Feedback Control Systems
Milling Machine Control Example

= Chapter 11: Design of State Variable Feedback Systems
Diesel Electric Locomotive Example

s Chapter 12: Robust Control Systems
Digital Audio Tape Speed Control Example

»  Chapter 13: Digital Control Systems
Fly-by-wire Control Surface Example
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The design problems in each chapter are all adapted from Modern Control
Systems. In most cases, the problems are end-of-chapter problems revisited. The
relationship between the chapter design problems in the supplement and Modern
Control Systems is shown in the following table.

Supplement Relationship to
Chapter Modern Control
Number Design Problem Systems

1 Space Shuttle P9.9
2 Fluid Flow Modeling P2.12
3 Space Station Modeling Section 3.9
4 Blood Pressure Control AP4.5
5 Airplane Lateral Dynamics DP5.1
6 Robot-controlled Motorcycle DP6.6
7 Automobile Velocity Control DP7.12
8 Six-legged Ambler DP8.2
9 Hot Ingot Robot Control DP9.10
10 Milling Machine Control P10.36
11 Diesel Electric Locomotive DP11.3
12 Digital Audio Tape Speed Control DP12.2
13 Fly-by-wire Control Surface AP13.2
THE SOFTWARE

It is assumed that the readers have access to MATLAB and the Control System
Toolbox. All of the MATLAB examples in this supplement were developed and
tested on a Power Macintosh 7200/90 with MATLAB Version 4.2c and the Con-
trol System Toolbox. Since it is not possible to verify each example on all the
available computer platforms that are compatible with MATLAB, we restrict the
computer topics covered in this supplement to those that are platform indepen-
dent. It will be very helpful to have access to the MATLAB Users Guide.
Readers do not need access to SIMULINK to use this supplement effectively.
Every design problem is solved using MATLAB, so skip the SIMULINK material
if desired. It is clear, however, that SIMULINK provides valuable additional sim-
ulation capability; therefore, we introduce it in this supplement for those readers
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wishing to extend their knowledge base. We used SIMULINK 1.3¢ in the simu-
lation development. It will be very helpful to also have access to the SIMULINK
Users Guide.

A set of M-files, the Modern Control Systems Supplement Toolbox, have
been developed by the author for this supplement. The M-files contain the scripts
from each MATLAB example. You can retrieve the M-files from Addison-Wesley
at ftp.aw.com. Please refer to the Addison-Wesley Computer Science and En-
gineering Web site at http://www.aw.com/cseng or call 1-800-322-1377 if you
would like to purchase a copy of Modern Control Systems.
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CHAPTER 1

Introduction to Control Systems
A Space Shuttle Example

1.1 Introduction 2
1.2 The Design Process 5
1.3 Simulating a Simple System with SIMULINK 7
1.4 Summary 16
Exercises 16

PREVIEW

This chapter provides an introduction to the control design process by describing
a general approach to designing and analyzing a feedback control system. We
discuss the basic components of control system design in the context of the
process of design. We also discuss the notion of the design process used in all
of the subsequent chapters. The idea is to emphasize the tight link between the
theory and applications and the design process.

We introduce the simulation program SIMULINK in this chapter, which is
an extension to MATLAB that enables students and practicing engineers to sim-
ulate dynamic systems quickly and effectively. Using block diagram windows,
we can create and edit models by manipulating (principally with mouse-driven
commands) model components, such as scopes, signal generators, and transfer
functions. SIMULINK allows for graphical insight to a problem and helps to de-
velop our intuition.
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CHAPTER 1  Introduction to Control Systems

(Photo courtesy of NASA)

FIGURE 1.1
The space shuttle with the deployed Remote Manipulator System (RMS).

INTRODUCTION

Figure 1.1 shows the space shuttle during on-orbit operations with the robotic
arm, known as the Remote Manipulator System (RMS). During shuttle cap-
ture and retrieve operations, the vehicle attitude hold control system is used to
maneuver the vehicle to a desired attitude and to hold that attitude. The main
components of the attitude hold control system are the primary reaction control
system, the flight computer hosting the control algorithms, the astronaut piloting
the vehicle (when not in attitude hold mode), the rotational hand controller, and
the various sensors, such as rate gyros and accelerometers. A block diagram of
the shuttle attitude hold control system is shown in Figure 1.2 [1]. Bear in mind
that this block diagram is a simplification of the actual implemented control
system on board the shuttle.

We can compare the shuttle controller block diagram shown in Figure 1.2
with a block diagram that is more characteristic of the ones found in most under-
graduate controls textbooks. Most standard block diagrams have the form shown
in the simplified block diagram in Figure 1.3. The following is a typical problem
statement associated with the simplified block diagram (see for example P9.9 in
Modern Control Systems):



Typical Probiem
Statement

~Section 1.1

Introduction 3

The key to future exploration and use of space is the reusable earth-to-orbit
transport system, popularly known as the space shuttle. The shuttle carries large
payloads into space and returns them to earth for reuse [2]). The block diagram
of a pitch rate control system is shown in Figure 1.3. The sensor is represented
by a gain,

H(s) =05,
and the vehicle by the transfer function
0.3(s + 0.05)(s2 + 1600)
(52 4+0.05s + 16)(s + 70)

The controller can be a simple gain or any suitable transfer function. (a) Draw
the Bode diagram of the system when G.(s) = s and determine the stability
margin. (b) Draw the Bode diagram of the system when

K3 :

X = 05

G(s) =

Gc(s) =K + 552- and

The gain K; should be selected so that the gain margin is 10 dB.

The space shuttle control system shown in Figure 1.2 has been replaced with
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FIGURE 1.2
The space shuttle attitude hold control system.




